Bacteriophage Ni was purified by differential and equilibrium gradient centrifugation and characterized with respect to bouyant density in CsCl, one-step growth properties, host range, and morphology by electron microscopy. In a tris(hydroxymethyl)aminomethane-magnesium buffer (pH 7.15), the irreversible adsorption of Ni to cells of Micrococcus lysodeikticus strain 1 (ML-1) followed first-order reaction kinetics with an adsorption-velocity constant of 1.6 X 10-9/min at 32 C. (1, 12, 14, 16, 17) . It has, therefore, been suggested that the receptor sites for these phages are located in the bacterial cell wall.
fore, impossible to determine by chemical techniques the extent to which such cell wall preparations are contaminated by nonwall components such as the cytoplasmic membrane. It seems possible that certain of the phages which appear to bind irreversibly to such walls may require, in addition to the cell wall proper, a nonwall component. The participation of a nonwall component in the irreversible adsorption of Ti phage is suggested by the fact that only a living E. coli host will irreversibly bind the virus (16) .
Certain phages active on gram-positive bacteria have adsorption characteristics which suggest that nonwall components may be involved in their receptor sites. For example, a phage-receptor complex isolated from spheroplasts of a group D streptococcus contains a protein (reported to be of membrane origin) as an essential component (14) . Treatment of the isolated receptor with proteolytic enzymes or periodate destroyed receptor activity. The evidence suggests that for the particular phage studied, the receptor site may involve a protein component (perhaps membrane) in addition to the cell wall.
The present investigation was undertaken to examine the nature of a phage receptor site in a gram-positive bacterium, Micrococcus lysodeikticus strain 1 (ML-1). This organism is well suited to this type of study, for its cell wall is of a relatively simple composition and can be obtained in a high state of purity (9) .
MATERIALS AND METHODS Bacteria. ML-1 was obtained from H. B. Naylor. This bacterium is sensitive to the phages Ni and N4 and was used as the phage indicator in the present investigation. A strain of ML (ML-P) which is relatively resistant to lysozyme (4) and is not lysed by NI phage (5) was obtained from J. T. Park. Other strains of ML which were used in this study and their sources are shown in Table 2 .
Bacteriophage. The phage Ni was obtained from the American Type Culture Collection, Rockville, Md. Certain characteristics of this virus have been described (5, 7) .
Cultivation media. All ML strains were grown in a medium consisting of 17% Difco Peptone, 0.7% Difco Yeast Extract, 0.2% glucose, and 0.2% sodium chloride; the pH level was adjusted to 7.4 before autoclaving (H. B. Naylor, personal communication). Solid and semisolid agar media were prepared by supplementing the broth with 1.5 and 0.7% agar, respectively, before autoclaving. Buffers. TM buffer is composed of 0.05 M tris (hydroxymethyl)aminomethane (Tris) buffer, 0.01 M magnesium acetate; the pH level was adjusted to 7.15 with acetic acid. TMA' and TMA buffers were prepared by supplementing TM buffer with bovine serum albumin (fraction V, Pentex) at final concentrations of 1 and 0.5%, respectively. Enzymes 10 ml of an exponentially growing ML culture. After incubation (see above) for 24 hr, the stationaryphase cells (2 X 109 to 5 X 109 colony-forming units (CFU)/ml) were chilled to 4 C, concentrated by centrifugation at 10,000 X g for 30 min at 2 C, washed four to six times with cold, distilled water, and lyophilized. The cell yield of approximately 2 g (dry weight) was stored in vacuo at 4 C over Drierite (anhydrous CaSO4; W. A. Hammond Drierite Co.). For large-scale cultivation, 9.5-liter quantities of broth (supplemented with 2.5 ml of antifoam AF) in a 14-liter fermentor vessel (New Brunswick Scientific Co.) were inoculated with 500 ml of an exponentially growing ML culture. The resulting culture was incubated for 24 hr at 32 C with constant mixing (1,500 rev/min) and aeration (4,000 to 6,000 cm3/ min). Harvesting was accomplished by continuous centrifugation at 2 C, and the cell paste was washed, lyophilized, and stored as described above. Propagation and purification of the bacteriophage. For the propagation of NI phage, ML-1 cells were grown at 32 C with rotary shaking (240 rev/min) in either 100 ml of broth contained in a 300-ml side arm flask or 1,000 ml of broth (supplemented with 0.2 ml of antifoam AF) in a 2-liter fluted flask, to a concentration of 5 X 107 CFU/ml. Virus was added to a multiplicity of two to six infectious particles per CFU and incubation was continued for 4 hr, at which time the bacterial turbidity had cleared and the phage yield attained a maximum of 1010 to 1011 plaque forming units (PFU)/ml. Crude lysates were allowed to stand overnight at 4 C and were then centrifuged (1,000 X g, 30 min) at 2 C. In the case of liter lysates, the resulting supernatant fraction was put into dialysis tubing (average pore diameter 4.8 PHAGE ATTACHMENT TO CELLS nm, A. H. Thomas, Philadelphia), covered with Carbowax flakes (20-M, Union Carbide) and held at 4 C for 24 hr. This treatment reduced the volume to 150 to 250 ml. Deoxyribonuclease and ribonuclease (each at 10 jug/ml) and MgCl2 (10-3M) were added, and the viscous phage suspension was incubated at 37 C for 1 hr. The suspension was centrifuged (1,000 X g, 30 min), and the supernatant fraction was recentrifuged (44,000 X g, 1 hr, 4 C). The resulting phage pellets were resuspended in TMA buffer with gentle shaking at 4 C for 12 to 15 hr. The resuspended pellets were pooled, centrifuged at low speed as described above, and applied to preformed CsCl gradients.
Cesium chloride gradient centrifugation. Preformed CsCl gradients (4 ml) were prepared in 5-ml cellulose nitrate tubes [0.5 by 2 inches (1.27 by 5.08 cm), Beckman Instruments, Inc.] in the manner described by Britten and Roberts (3). The concentrations of the two CsCl solutions (American Potash and Chemical Co.) used were 0.848 and 0.779 g/ml. Generally 1 ml of partially purified phage (see above) was layered onto each gradient. The loaded gradients were centrifuged in an SW-39 rotor (23,500 rev/min, 14 to 19 hr at 4 C). The bottoms of the tubes were pierced with a 22-gauge needle and 2-to 10-drop fractions were collected (separate experiments). The refractive index at 25 C of every 5th or 10th fraction was determined in a Bausch and Lomb refractometer (Abbe-3L) and converted to densities by using the formula of Vinograd and Hearst (15) . Within 2 hr after collection, all fractions were diluted with an equal volume of TMA' (0.2 to 0.5 ml), and each was dialyzed at 4 C for 24 hr against three changes of TM. The fractions were then assayed for infectious virus. In all experiments reported herein, only gradient purified Ni phage were employed.
Bacteriophage techniques. Infectious phage were assayed by the soft-agar overlay method (1). Either sterile TMA or broth was used as diluent. One-step growth determinations were performed by the method of Adams (1) . Occasionally, the cell suspensions were sonically treated (see above) before use in one-step growth determination. However, the results obtained with treated or untreated cell preparations were identical.
Phage adsorption assay. One milliliter of cells (suspended in TM and preincubated at 32 C for 30 min) was mixed with 1 ml of phage (0.2 X 105 to 1.0 X 105 PFU/ml in TMA', similarly preincubated) in an 18 by 150 mm tube at 32 C with rotary shaking (240 rev/min). After 45 min (unless otherwise specified), a portion of the adsorption mixture was diluted 100-fold in 3 ml of cold TMA containing 0.5 ml of chloroform. After thorough mixing, the number of infectious particles in the aqueous layer was determined. To determine the number of phage initially present, phage were incubated as just described but without cells. Phage-adsorbing efficiency (PAE) is defined as the reciprocal of the dry weight of cells or cell walls which adsorbs 50% of the phage particles in 45 min at 32 C.
Electron microscopy. Ni phage suspended in TMA were applied to grids, negatively stained with 1% phosphotungstic acid, and examined in a Siemens Elmiskop 1A. Determination of bacterial concentration. Bacterial concentration is expressed either in CFU, cells per milliliter, or in dry weight. CFU were determined by plating 0.5-ml samples of 100-fold serial dilutions (made in broth) of an actively growing culture with 3 ml of melted semisolid agar. When bacterial concentration is reported as cells per milliliter, the values were determined by performing cell counts (using sonically treated bacterial suspensions) in a Petroff-Hausser bacterial counter. Dry weight determinations were made on stationary-phase, lyophilized cells. From a standard curve relating turbidity at 675 nm to the dry weight of cells, 1 AOD unit was equivalent to 0.26 (40.01) ,ug/ml. This value was used to estimate a dry weight value whenever freshly harvested, nonlyophilized cells were used.
RESULTS
Properties of bacteriophage Ni. Ni was routinely propagated in liquid culture. Under the conditions employed, the release of mature phage began within 60 min postinfection and was essentially complete after 3.5 hr (Fig. 1) . Phage was concentrated and partially purified from crude lysates and applied to CsCl gradients (see above). The average bouyant density of the virus was 1.497 (±0.005) g/cm3 (Fig. 2) .
CsCl-purified Ni phage were quite stable in TMA' or TMA. Suspensions (1011 PFU/ml) in TMA' could be frozen in a bath of dry ice and ethanol and stored for 1 year at -40 C with only a 20% loss of infectivity. Phage suspended in TMA lost no detectable infectivity during incubation at 32 C for up to 5 hr. In contrast the virus was labile when stored in the absence of albumin. Incubation of Ni phage at 32 C for 2 hr in TM resulted in a loss of over 99% of the initial infectious units (Table 1) . Ni phage was stable in the presence of 0.2% albumin (lower concentrations were not tested) or in broth.
In one-step growth determinations performed at 32 C, Ni phage had a latent period of 56 (± 3) min with an average burst size of 82. The rise period was approximately 53 min (Fig. 3) .
Since phage adsorption studies were performed in TMA, the capacity of this buffer to support phage multiplication was examined. Exponentially growing ML-1 cells were chilled, washed three times with cold TMA, and treated with sonic oscillation (see above). These cells were then used in a one-step growth determination, except that TMA buffer was substituted foi broth. In a typical experiment, the number of infectious centers at 15 min postinfection (238/ml) decreased to 78/ml after a 2 hr incubation at 32 C. As phage multiplication failed to occur under these conditions, experiments involving phage adsorption to cells (Flask 1, arrow) . Phage multiplication (A) was followed by removing 0.1-ml samples from flask I to 9.9 ml of cold broth at 30 min intervals, centrifuging a 1-ml portion at 1,000 X g for 10 min at 2 C, and titering the resulting supernatant fraction. The uninfected control (flask 2) contained no detectable PFU at the end of the experiment.
could be carried out for time periods extending well into that corresponding to the latent period.
The host range of Ni phage was examined by spotting bacterial lawns of nine strains of ML with different concentrations of virus. When lawns were spotted with phage at a concentration of 1012 PFU/ml, eight of the strains showed complete or partial lysis in the area of the applied spot (Table 2 ). Only ML-P was not detectably lysed. When lower concentrations of phage (e.g., 104 PFU/ml) were employed for spotting, zones of lysis only on strains ML-1, ML-N, ML-4698, ML-PU, and ML-M were observed. Four of the five latter strains showed a comparable plating efficiency with the phage (Table 2) . Lyophilized cells (100 ,ug/ml) of all the ML strains except ML-P adsorbed the phage ( Table 2 ). The irreversible adsorption of Ni phage to ML-1 cells followed first-order reaction kinetics with an average adsorption-velocity constant (k value) of 1.6 (+0.4) X 10-9 minr-. This k value was valid for bacterial concentrations ranging from 1.2 X 107 to 1.5 X 108 cells/ml. At higher cell concentrations (e.g., 1.2 x 109/rml), the k value was significantly reduced (Fig. 4) Fig. 4 with the exception that two cell preparations (108/ml, A; 1.1 X 108/mI, 0) were assayed for phage adsorption in a stationary water bath at temperatures ranging from 4 to 45 C. The activation energy was calculated as 8.6 kcal. a.
-A -~Ũ~~~~t a%437PC3ct20 40C VOL. 6, 1970 129 determined by electron microscopy is shown in Fig. 6 . Based on measurements of 12 virus particles, the following dimensions were determined. The maximum diameter of the head measured between the vertices was 64 (±4-1.5) nm. The minimum diameter of the head measured between parallel sides was 58 (42.0) nm. The dimensions of the tail-were 230 (±6) x 9 (+1) nm. On the tail, proximal to the head, a collar-like structure was seen (Fig. 6) Because mechanical disruption of bacteria is a drastic procedure, generating froth and heat, gentler methods for the fractionation of cells were sought. Salton (8) showed that heating normally trypsin-resistant ML cells renders them sensitive to trypsin digestion. It was suggested that heating alters the permeability of the cells, allowing the penetration of the trypsin molecules with the subsequent digestion of the coagulated protoplasts (8) . Presumably, this procedure results in a crude cell wall preparation. The effect of elevated temperaure on cellular receptor activity was first examined. ML-1 cells (120 jAg/ml in TM buffer) held at 56 C for 30 min lost no detectable receptor activity compared with a nonheated cell control. When similar cell suspensions were held at 100 C, the loss of receptor activity was 50% after 15 or 30 min of heating and 75% after 60 min (P. S. Lovett, Ph.D. Thesis, Temple University, 1968).
Heated ML-1 cells (400 ug/ml held at 100 C for 15 min) were incubated at 37 C with trypsin (100 ,ug/ml), subtilisin (100 j,g/ml), or lysozyme (5 jig/ml) (Fig. 8) . After 3 hr, the suspensions were assayed for receptor activity. The receptor activity of the heated cells incubated with trypsin or subtilisin was reduced 90 and 50%, respectively (Fig. 9) , compared with the heated cell control (heated cells incubated in the absence of added enzymes). Lysozyme-digested heated cells failed to retain detectable receptor activity. Neither proteolytic enzyme had any effect on the receptor activity of the nonheated cells. However, lysozyme digestion of the nonheated cells destroyed all detectable receptor activity. In another experiment (Table 3) , Pronase was found to have an effect similar to trypsin, whereas a mixture of deoxyribonuclease and ribonuclease was without effect. None of the enzymes used in the two preceding experiments had any effect on the rate of adsorption to unheated cells or the plaquing efficiency of Ni phage when tested at the maximum enzyme concentrations encountered in the adsorption assays.
In (2) .
During the present study the latent period for Ni phage was found to be 56 min at 32 C. Naylor and Burgi (7) As previously mentioned, the cell wall-containing fractions isolated from several bacteria have been reported to possess the ability to inactivate phage. By contrast, isolated ML-1 cell walls do not inactivate Ni phage, but rather bind the virus in a specific, "tail-first," completely reversible association (6) . The significance of this reversible binding with respect to the phage infection process is discussed in another paper (6) .
